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Abstract

A method has been developed for analysing the evolution with time of the volume fraction transformed and for calculating the kinetic
parameters at non-isothermal reactions in materials involving formation and growth of nuclei. By considering the assumptions of extended
volume and random nucleation, a general expression of the fraction transformed as a function of time has been obtained in isothermal
crystallization processes. Considering the mutual interference of regions growing from separate nuclei the Johnson—Mehl-Avrami equation
has been deduced as a particular case. The application of the transformation rate equation to the non-isothermal processes has been carrie
out under the restriction of a nucleation which takes place early in the transformation and the nucleation frequency is zero thereafter. Under
these conditions, the kinetic parameters have been deduced by using the techniques of data analysis of single-scan and multiple-scan. The
theoretical method developed has been applied to the glass-crystal transformation kinetics of the semicondueBhg.£5& ¢4 alloy.

The kinetic parameters obtained according to both techniques differ by only about 2.5%, which confirms the reliability and accuracy of the
single-scan technique when calculating the above-mentioned parameters in non-isothermal transformation processes. The phases at which th
above-mentioned semiconducting glass crystallizes after the thermal process have been identified by X-ray diffraction. The diffractogram of
the transformed material shows that microcrystallites gB&pand GeSe are associated with the crystallization process, remaining a residual
amorphous matrix.

© 2005 Elsevier B.V. All rights reserved.

PACS: 64.60; 64.70; S7.12; S8.12
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1. Introduction on characteristic properties such as electronic-excitation phe-
nomena, chemical reactivity and inertia, and superconductiv-

Knowledge of amorphous materials is one of the most ity. Therefore, the advances that have been made in physics
active fields of research in the physics of condensed matterand chemistry of the quoted materials during the last 40 years
today[1]. The great interest in these materials is largely due have been very appreciated within the research community.
to their ever increasing applications in modern technology. A strong theoretical and practical interest in the applica-
Their possibilities in the immediate future are huge based tion of isothermal and non-isothermal experimental analysis

techniques to the study of phase transformations has been

developed in the last decades. The non-isothermal thermo-

* Corresponding author. Tel.: +34 956016323; fax: +34 956016288. ana'_ytica| _techniques have become particular_ly prevalent for
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that occur during transformation of the metastable phases in awheremis an exponent related to dimensionality of the crystal
glassy alloy asitis heated. These techniques provide rapid in-growth.

formation on such parameters as glass transition temperature, Defining an extended volume of transformed material
transformation enthalpy and activation energy over a wide [11-14] the above-mentioned elemental volum¥&gds ex-
range of temperatur]. In addition, the high thermal con-  pressed as

ductivity as well as the temperature at which transformations , m

occurs in most amorphous alloys makes these transforma-qy, — ydn’ = g[ / u(t) dt'] dn’ (3)
tions particularly suited to analysis in a differential scanning 0

calorimeter (DSC).

The study of crystallization kinetics in amorphous mate-
rials by DSC techniques has been widely discussed in the lit-
eraturg3,4]. There are a large variety of mathematical treat-
ments mostly based on the Johnson—-Mehl-Avrami (JMA)
transformation rate equatidd—8]. In this work the condi-
tions of applicability of the JIMA transformation rate equa-
tion to non-isothermal crystallization are established. The ki-
netic parameters of the above-mentioned crystallization are
deduced by using the techniques of data analysis of single- Vi(2)
scan and multiple-scan. Moreover, the present paper appIiestb(t) - (1 B T) dve(r) (4)
the quoted techniques to the analysis of the crystallization _
kinetics of the glassy alloy GasShy 235 64 and the values V being the volume_ of t_he whole assembly, and where both
of the kinetic parameters thus obtained differ by about 2.5%. Vb @ndVe change with time. o _ .
This fact shows the reliability and accuracy of the single-scan 1 he general solution of the preceding differential equation
technique for the calculation of the quoted parameters from a'S 9IVeén as
continuous heating treatment. Finally, the crystalline phases Vi(t (—Ve(t)>

dN’ being the elemental number of nuclei existing in the sam-

To obtain a general kinetic equation for the true volume
transformed, the mutual interference of regions growing from
separated nuclei must be considered. According to Avrami’s
model [5-7] it is now possible to find the following rela-
tionship between the extended volunvg(t), and the actual
volume,Vp(1):

corresponding to the thermal treatment of the quoted glassyT =1-—ex (5)

alloy were identified by X-ray diffraction (XRD) measure-

ments, using Cu K radiation. In terms of the quoted general Avrami formulation to analyse
particular models of crystallization is equivalent to assume
differentVe(t) dependenced 5].

2. Theoretical development Thus, in the case of a grained glass sample it can be sup-
posed that on the free surface of the material exists a con-

The theoretical basis for interpreting DTA or DSC results centration,Cp, of nuclei growing with a velocity. These

is provided by the formal theory of transformation kinetics nuclei are formed at lower temperatures in the process of

[5-7,9,10] This theory supposes that the crystal growth rate, temperature rise, mainly under the catalytic effect of foreign

in general, is anisotropic, and in the case of heterogeneoussubstrates, dust, active sites, etc.

nucleation induced by active substraftes], the volume of a By integrating Eq(3) the extended volume is obtained as

transformed region is then

p= gn /O ui(t) dr’ (1)

where the expressidr; fé u;(¢') dr’ condenses the product of

Ve(t) = gN [ /0 u(t) dt’] (6)

Given that the material is grained the number of nuclei is
written asN=C,Ss (S being the total surface area of the

the integrals corresponding to the values of the above quote r?mple). This ta)lrea c_an/be expr_essed as ?Ehe rrr:ult|p:|cat|on of
subscript, andg is a geometric factor, which depends on the the gn_’;un numbeiNg =V/IVy (Vg = (47/3)Ry is the volume
dimensionality and shape of the crystal growth, and therefore ©f grain) by the surface area of a glass graig= A7 R,

its dimension equation can be expressed as Bearing in mind these assumptions, E&).becomes

gl =[L1>%  ([L]is the length) _ 3_v[ '
V() = Cn 8 /0

When the crystal growth is isotropig; =u, an assumption
which is in agreement with the experimental evidence, since where the kinetic exponent is=m, since the case of “site
in many transformation the reaction products grow approxi- saturation'{16] has been considered.

u(t) dt’] ' (7

mately as spherical nodul§kl], Eq.(1) can be written as In the case of linear growth, this ig,independent of the
, m time, and considering the initial stages of crystallization when
V= g[/ u(t) dt’] 2) the growing crystallites do not interact, yet three-dimensional
0 growth is to be expected, and the extended volume is given
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as After an intermediate period of crystal selection, radial
3V 44 growth of a colony of needle-like crystallites, perpendicu-
Ve(t) = CnR—ggM t (8) lar to the surface of the grains is usually obserj&s]. In

this stage of the process with one-dimensional growth, the
This three-dimensional growth of the surface nucleated crys- geometric factor ig = 7d?,/4 and the volume fraction crys-

tallization centres becomes practically impossible, when the tallized is expressed, according to E(s.and (7) by means
diameter,dm, and the surface concentration of the corre- of the following expression

sponding nuclei fulfil the following relationships s

_Ne_ 14 o 0= 1-eexl=1-ep[-Lu| 2
"T Sy Sm  wdd g

whereN,, is the number of nuclei in the surface of a grain

andSy, the maximum meridian section of each nucleus (see

Fig. 1). Accordingly, the time elapsed during the quoted three-

whereA;_p =3 and the kinetic exponent is= 1. It should
be noted that for this law of(t), atxe(t) « 1 and according
to Eq.(12), the volume fraction transformed may be written

. . . as

dimensional growth is expressed as 3
d 1 x(f) = —ut (13)
t3_D = % = (M\/ ﬂCn) (10) Rg
Bearing in mind Egs(5) and (8)the volume fraction trans- i.e. the same _approximative solution as this one following
formed with three-dimensional growth may be written as ~ from the classical Jander l&id7]
Az 3 3

x(f)=1— exp[—%fﬁ} (11) x()=1-— <1 - 1%) ~ R—gm (14)
whereAs p = 8dg2 if it is assumed that the geometric fac-  for (ut/Ry) — O.
tor of a hemisphere ig=2x/3. It should be noted that for It follows also from Eqs(11) and (12)that at constant
glass semolina samples for which the conditi®y/() — 0 temperature and the same timg, the logarithmic forms
is fulfilled, according to Eq(11), the fraction transformed  of the fractionsx(t;), which crystallize in glass semolina
after timets_p is x(t3—p) ~ 1. samples with different grain radii should give straight lines,

Fig. 1. Aniillustration of the determination of the tirkgp, by means of Eq49) and (10) during which crystalline nuclei with concentrati@q on the surface
of the glass grain grow as caps into the bulk of this grain, whgris the size of a cap arfg; the glass grain radius.
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In[1 — X(t;)] versusRy * or x(t;) versusky ! for smallx values
if In[1 — x(t,)] is expanded as a series and only the first term
is taken.

It should be noted that Eq$11) and (12)may be ex-

J. Vazquez et al. / Thermochimica Acta 430 (2005) 173-182

[16]. In addition, in the cases as the above mentioned, the
reaction rate constank, could demonstrate a simple Ar-
rhenius behavioul{ =Kg exp(—E/RTy)) or a Vogel-Fulcher
behaviour K =Kg exp[-E/R(Tz — Tp)]) with respect to tem-

pressed by the more general relationships, which reflects aperature during the crystallization process, if a sufficiently

n-dimensional growth

X)) =1— exp[—[(A,,_D/Rg)l/”ut]n]

whereA,_p is a factor, which depends on the surface con-
centration and the dimensionality of the crystal growth, since
the above-mentioned case of “site saturation® (n) has be

(15)

limited range of temperature for the crystallization peaks in

DSC experiments is considerfB]. In these expressions of

the rate constankKy, is the frequency factoE is the overall

effective activation energy is the ideal gas constanfy is

a constant temperature, afglis the absolute temperature.
The analysis of crystallization kinetics is developed in

terms of a generalized temperature paraméterhe gener-

considered. Note that the dimension equation of the quotedalized formalism can be applied directly to either Arrhenius

factor can be expressed as

[Au—p] = [L]*™"

behaviour or Vogel-Fulcher behaviour by substitufigr
Ta— Tp for T, respectively. Considering the generalized tem-
perature dependence fiér the kinetic parameters associated

Eq. (15) can be taken as a detailed specific case of the JMA With the transformation process aen, andKo. The tech-

transformation equation

x(1) = 1 — exp[—(K1)"] (16)

where the reaction rate constalit,is a function of temper-
ature, because it depends on the crystal growth rate.

The isothermal transformation rate¢dt, can be easily
determined from Eq16)taking the derivative with respectto
time and substituting into the resulting expression the explicit
relationship betweer andt given by Eq.(16)to yield
nK(1— x)[—In(1 — x)] = 1/n

dt (17)

This equation is sometimes referred to as the JMA transfor-

mation rate equation.

2.1. Evaluation of the Johnson—Mehl-Avrami
transformation rate equation under conditions of
continuous heating

It was suggested by Henderqd®] in a notable paper that

Eq.(17)as developed by Johnson, Mehl and Avrami is based [—In(1 — x)]*/" =

on the following important assumptions:

1.
2.
3.

isothermal transformation conditions;
spatially random nucleation;

and not on time.

In the past decades E@l7) has been applied without

growth rate of new phase dependent only on temperature

niques of data analysis to obtain the quoted parameters can be
divided into single-scan analysis and multiple-scan analysis
techniques.

2.1.1. Single-scan technique

In the derivation of relationships for calculating kinetic
parameters of the glass-crystal transformations by using tech-
nigues of continuous heating, a reaction rate independent of
the thermal history is necessd®B]. Thus, the reaction rate
is expressed as the product of two separable functions of ab-
solute temperature and the volume fraction transformed. In
these conditions Eq17) can be written as

dx

i nKf(x) = nKo(1 — x)[—In(1 — x)]"~1/7

x [exp(—E/RT)] (18)

Bearing in mind that the heating rate gs=dT/dt, Eq. (18)
must be integrated by separation of variables, replacing
—In(1 - x) with Z andE/RT with Y, yielding

oo
/ e—y yl—z dy/
y

KoE
BR

The integrall is not integrable in closed form and the liter-
ature[24,25] gives several series expansions for the quoted
integral. Vazquez et a[26] have developed a method to eval-
uate it by an alternating series, where it is possible to use only
the two first terms, without making any appreciable error. The
resulting expression fdris substituted into E(19), whose

KoE

=1 @

qualification to the analysis of non-isothermal phase transfor- logarithmic form, according to literatufé8], gives

mations[19-21] However, according to literatuif@?], the

n
above-mentioned equation can be rigorously applied underin[—In(1 —x)] =22 InT = %7 +nlin

non-isothermal conditions if it can be shown that the transfor-
mation rate depends only on the state variabbesdT. Under
this restriction, according to the literatuf#8], an example
of a system which allows the non-isothermal application of

RKg
— 20
(52) e
if it is assumed that the ternRA/E is negligible in compari-
son to unity, since in most crystallization reacti®iRT > 1
(usually E/RT> 25) [23,27] Whenn is known, a plot of

Eqg. (17) is one in which the nucleation process takes place In[—In(1—x)] —2nInT versus 1T yields a straight line
early in the transformation and the nucleation frequency is whose slope provides a value of the produgtHowever, ac-

zero thereafter, which can be referred to as “site saturation”

cording to literaturg28], over a temperature range of 100 K
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the contribution of the termrfIn T can be ignored without

177

eralization of Eq(16)for the treatment of continuous heating

causing a substantial error in the calculated slope. On theexperiments is interesting. If it is assumed that the transfor-

other hand, taking the logarithm of E(L8), according to
Hendersorj18], results

()

Hence when In(gdt) is plotted versus T/ a straight line

= In(2Ko) + N[ F()] — —

RT (21)

is obtained, whose slope allows to calculate the activation

energyE, of the glass-crystal transformation, if it is assumed
that for 0.25 << 0.75 the function Irf{x)] may be considered
as constani21,23] The determination ofiE andE makes it
possible to directly obtain the parameter

For those systems in whi¢hshows a Vogel-Fulcher tem-
perature behaviour a determinationlgfmust also be made,
according to Hendersdi8]. In this case the effective acti-
vation energyEes (Ta), can be obtained by the relationship:

dlIn(dx/dr)]  Eef(Ta)
;' R

(22)

The derivative of the Eq21) with respect toTa‘1 leads to
the expression
Ta \?
Ta—To

T2 df (x) —E
—nKoF? exp(ﬁ>

Considering the negligible exponential term, and equating
the resulting expression with E(R2), yields

dlin(dv/dr)]
aryt

E
R

(Ta - TO)2

5

[Eeft(Ta)] ( ) ~ —F = constant

and measurindeess (Ty) at two widely spaced temperatures
Ta1 andTap, the value ofly can be determined as
To = (ATa1— Ta2)(A — 1"

with A = (TaoT,y ) { Ee(Tan)[ Eeri(Ta2)] 2} *Finally, after
E, nandTg have been determined, the frequency fadter,
can be obtained by directly substituting férandn in Eg.
(18), yielding

ko= 1[0 exp(;—f)]_l

2.1.2. Multiple-scan technique

(23)

mation products and mechanism do not change with temper-
ature, then it is reasonable to replddevith fé K[T()]d?,
according to the literatur29], and Eq(16) generalizes to

x=1-— exp{—[fot K(T(¢)) dt/}n}

=1—expI]) (24)
where K[T(t')] =Ko exp(~E/RT) and T(t') is the above-
mentioned generalized temperature. The maximum transfor-
mation rate is found by making?@dt? =0, thus obtaining

the relationship

,BE(Il)|p
RT&

nKp(I)p = +(n — 1)K, (25)

where the magnitude values which correspond to the maxi-
mum crystallization rate are denoted by subscript p. Replac-
ing E/RT with y, the integral; can be evaluatef26] as in
Section2.1.], yielding an expression fot{)|p, that when is
inserted into Eq(25) results in (1), = (1 — 2RTp/nE)1/”.

By equating both expressions fdr )|, one obtains a rela-
tionship whose logarithmic form can be written as

(B)en(2)-(5) -2 (3]

(26)
where the function In(% v) with v= 2RTy/nEorv=2RT,/E
is expanded as a series and has been taken only the first term
of itself.

Note that, for most crystallization reactions, the right hand
side (RHS) of Eq(26)is generally negligible in comparison
to the individual terms on the left-hand side for common
heating rates£100 K min 1), thus forn>1 andE/RT, >25
the error introduced in the value BfR is less than 1%. Eq.
(26) serves to determine the activation enegyand the fre-
quency factorKp, from the slope and intercept, respectively,
of the In(7,2/B) versus 1T, plot.

Finally, it should be noted that E¢R6) with RHS =0 is
obtained, considering thaRdp/E « 1, according to the lit-
eraturg23], and thereforelf)|, = 1. Thus, deriving Eq(24)
with respect to time and considering the expressiorkpr

_2RT,
T E

The single-scan analysis techniques outlined above arewhen (1)|p =1 it is possible to obtain

predicated on a detailed knowledge of the functional de-
pendence of the transformation rate/dt, on the fraction

n=—

dr |pRTZ(0.37BE) ! (27)

transformed,x, and the generalized temperatufie, The
multiple-scan rate analysis techniques do not depend on a

specific knowledge of the dependence xfitlonx. The pro- which permits us to calculate the kinetic exponeir a set
cedure requires the characterization of the transformation byof exotherms taken at different heating rates and the corre-
using several different scan rates. When this procedure is ap-sponding mean value represents the most probable value of
plied to the case of a JIMA transformation rate equation, gen- the kinetic exponent of the transformation process.

dr
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3. Experimental 14

_y
N
1

The semiconducting GasShy 23S&) 64 glassy was made
in bulk form, from their components of 99.999% purity,
which were pulverized to less than i, mixed in ade-
quated proportions, and introduced into quartz ampoules.
The ampoules were subjected to an alternating process of
filing and vacuuming of inert gas, in order to ensure the
absence of oxygen inside. This ended with a final vacuum-
ing process of up to 1@ Pa, and sealing with an oxyacety-
lene burner. The ampoules were put into a furnace at 1223 K
for 44 h, turning at 1/3rpm, in order to ensure the homo-
geneity of the molten material, and then quenched in water x ‘ M
with ice to avoid the crystallization. The capsules contain- 450 500 550 600 650
ing the samples were then put into a mixture of hydroflu- T/K
oridic acid and hydrogen peroxide in order to corrode the
quartz and make it easier to extract the alloy. The glassy Fig. 2. Typical DSC trace of GasShy 23S& e4glassy alloy at a heating rate
state of the material was confirmed by a diffractometric X- ©of 32Kmin~*. The hatched area shows, the area betweeR andT.
ray scan, in a Siemens D500 diffractometer, showing an ab-
sence of the peaks which are characteristic of crystalline
phases. The homogeneity and composition of the samples4. Results and discussion
were verified through scanning electron microscopy (SEM)
in a Jeol, scanning microscope JSM-820. The calorimetric  The typical DSC curve of Gg 3Shy 235 64 Semiconduc-
measurements were carried out in a Perkin-Elmer DSC?7 dif- tor glass obtained at a heating rate of 32 K rdiand plot-
ferential scanning calorimeter with an accuracy4ef.1 K. ted in Fig. 2 shows three characteristic phenomena which
A constant 60 mImin? flow of nitrogen was maintained are resolved in the temperature region studied. The first one
in order to provide a constant thermal blanket within the (T=493K) corresponds to the glass transition temperature
DSC cell, thus eliminating thermal gradients and ensuring Ty, the secondT= 601 K) to the extrapolated onset crystal-
the validity of the applied calibration standard from sam- lization temperatur@c, and the third =619 K) to the peak
ple to sample. Moreover, the nitrogen purge allows to expel temperature of crystallizatioii, of the above-mentioned
the gases emitted by the reaction, which are highly corro- semiconductor glass. The quoted DSC trace shows the typi-
sive to the sensory equipment installed in the DSC furnace. cal behaviour of a glass-crystal transformation. The thermo-
The calorimeter was calibrated, for each heating rate, us-grams for the different heating rate,quoted in Sectioi3,
ing the well-known melting temperatures and melting en- show valuesTy, Tc and T, which increase with increasing
thalpies of high purity zinc and indium supplied with the B, a property which has been widely quoted in the literature
instrument. The analysed samples were pulverized (particle[30,31]
size around 4Q.m), crimped into aluminium pans, and their
masses were kept about 20 mg. An empty aluminium Pan4 1. Crystallization
was used as reference. The crystallization experiments were

carried out through continuous heating at rafgsf 2, 4, 8, The analysis of the crystallization kinetics is related with

16, 32 and 64 Kminl. The glass transmon'tempemltu_re Was  the knowledge of the reaction rate constant as a function of

considered as a temperature corresponding to the inflectionye temperature. It should be noted that the assumption of

pplnt of the lambda-like trace on the DSC scan, as shown in an Arrhenius type temperature dependence for the quoted

Fig. 2 . . o constant, as many authors have considered in the last decades,
The crystallized fractiory, atany temperaturd, iSgiven  iq 3 very rough approximatid23]. Therefore, in the present

by x=Ar/A, whereA is the total area of the exotherm be- 4y itis considered that the rate constant is a function of the

tween the temperatui® where the crystallization is just be- temperature under more general conditif2832}. In order

ginning and the temperatufe where the crystallization is ¢, these conditions to hold, according to literat[28], one
completed, andir is the area between the initial tempera- ¢ o following two sets of hypotheses should apply:
ture and a generic temperaturgseeFig. 2). With the aim

of investigating the phases into which samples crystallize, (i) The crystal growth ratey, can to depend on the tem-
diffractograms of the material transformed during thermal perature through of the viscosity, when, e.g., the crystal
process were obtained. The experiments were performedwith  growth takes place by a normal growth mechanism; and
a Philips diffractometer (type PW1830). The patterns were over the temperature range where the thermoanalytical
run with Cu as target and Ni as filtex € 1.542A) at 40 kV measurements are carried out, the nucleation rate is neg-
and 40 mA, with a scanning speed of Ost .. ligible (i.e., the condition of “site saturation”).

-
o
1

<~ Exo HEAT FLOW / mW
oo

o
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Table 1
The characteristic temperatures and enthalpies of the crystallization pro-
cesses of alloy Gg3Shy 235 64

Parameter Experimental value
Ty (K) 474.0-499.2
Ti (K) 558.7-599.7
Tp (K) 581.1-631.3
AT (K) 42.0-56.7
AH (MmJImg?) 25.7-32.0
0.050
£ =64 K/min
0.040
< 0030}
»
§
X
T 0020 |
0.010 |

0.000

T/K

Fig. 3. Crystallization rate vs. temperature of the exothermal peaks, at dif-
ferent heating rates.

(i) Both the crystal growth and the nucleation, which de-
pend on the temperature under general conditions, occur
simultaneously33].

In this work the first set of conditions is assumed in order
to apply the JIMA equation under regime of continuous heat-
ing. From this point of view, the crystallization kinetics of
the G@ 13Shy 235 64 alloy has been analysed by using the
calorimetric techniques of single-scan and multiple-scan.

With the aim of analysing the above-mentioned kinetics,
the variation intervals of the quantities described by the ther-
mograms for the different heating rates, quoted in Se@ion
are obtained and given ifable 1 whereT; and T, are the
temperatures at which crystallization begins and that corre-
sponding to the maximum crystallization rate, respectively,
andAT is the width of the peak. The crystallization enthalpy,
AH, is also determined for each heating rate.

The area under the DSC curve is directly proportional to
the total amount of material transformed. The ratio between
the ordinates and the total area of the peak gives the cor-
responding transformation rates, which make it possible to
plot the curves of the exothermal peaks representedir.

It may be observed that thex(dt)|, values increase in the
same proportion as the heating rate, a property which has
been widely discussed in the literatj8®,31]

The single-scan technique was applied to several sets of
experimental dataTable 2 obtained for all heating rates,

Table 2

Kinetic parameters found for the crystallization of they@sShy 235& 64 alloy by using the single-scan and multiple-scan techniques

B (Kmin—1)

Multiple-scan

Single-scan

Interval
T(K)

E(kdmoll) Ko (sh)

n

103(dx/dt)|p

s

Tp (K)

n Ko (s7%)

nE (kJmol1) E (kJ mot 1)

103(dx/ct)

sh

2.08
2.01
1.96
2.04
1.82
1.83

181
342

581.1

1.98 .17 x210%°
2.01 .53x110%
1.99 5010

200.56

397.10

1.03-1.73

0.1539-0.3783
0.1733-0.4060
0.1592-0.3831
0.1501-0.4023
0.1520-0.4166
0.1083-0.4367

572.4-579.7

588.0

198.63

399.27

2.06-3.42
3.71-6.28

580.8-588.0
588.8-596.1

1.8% 1015

199.43

645
1299
2244
4328

597.5

206.95

411.81

607.7

1.99 .37x30'
2.01 .72xa0%w
2.02 .76 x 10

204.53

407.00

7.32-12.92

12.40-22.19
19.55-42.96

598.6-607.2
608.3-617.4
618.7-631.7

16
32

618.3
631.3

203.36

408.56

200.43

404.92

64
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-0.6 16.5
[}
08 - 16.0
15.5 1
-1.0 A —
G
= ¥ 1501
X121 ~
= & 1451
£ e
c 147 = 140-
=
-1.6 1 1351
-1.8 A 13.01
L)
20 125 . . . .
1675 1680 1685 1690 1695 1.700 1.560 1.600 1.640 1.680 1720 1.760
1037 / K 1097,/ K"
Fig. 4. Variation of Inf-In (1 — x)] with 1/T for a heating rate of 8 K mint. Fig. 6. Plots of Inszlﬁ) vs. 17T, of the analysed materigB(n Ks™1).
quoted in Sectior8, and the results fonE from Eq. (20), S
E from Eq. (21), n derived there from andq are in- n-parameter are also shownTable 2 Bearing in mind that
cluded inTable 2 The mean values for these parameters are: the calorimetric analysis is an indirect method which makes
<E>=202.3kJmot?, <n>=2 and Kp>=4.34x 10*°s7 1. it possible to obtain mean values for the parameters that con-
To illustrate the above-mentioned techniqéég. 4 shows trol the kinetics of a reaction, the corresponding mean value,
the plots of In[-In(1 — X)] versus 1T for B=8K min~1, to- <n>=1.96, has been calculated.

gether with the corresponding straight regression line, while ~ With the aim of correctly analysing the reliability of the
the plots of In(d/dt) versus 1T with the straight regression ~ Single-scan technique, when calculating kinetic parameters
line carried out, are shown ffig. 5. in non-isothermal crystallization processes, the above pa-
On the other hand, the multiple-scan technique, which rametersE, nand InKo, calculated by means of the above-
allows E to be quickly evaluated, has been used to Mentioned technique, are compared with its values obtained

analyse the crystallization kinetics of the semiconducting through the multiple-scan techniqugable 2 finding that

Gep 135k 235&) 64 alloy. The plots of |nTpZ//3) versus 1T, the error between them for the less accurate parameter is
at each heating rate, and the straight regression line carried€ss than 2.5%. This result is in agreement with the literature
out are shown irFig. 6. The results folE andK from Eq. [21], where is shown that fon(— 1)/n=0.6 in the range of
(26) are given inTable 2 0.2<x<0.4itresultsin an error of 7% in the calculated slope,

By using the values of the maximum crystallization rate, E/R an error acceptable in most crystallization reactions.
and the temperatures, which correspond to the quoted maxi- Considering that the crystallization process of the stud-
mum values, given iffable 2 it is possible to obtain, through ~ ied material is basically a growth of the pre-existing nuclei
the Eq.(27), the kinetic exponent of the process correspond- in the as-quenched glass, “site saturation”, it is possible to

ing to each of experimental heating rates. The values of theaffirm, according to the literatufé5], that the kinetic expo-
nent,n, in the case of crystallization of finely grained sam-

49 ples has a physical meaning, which is determined by the ratio
of growth rate/radius of sample grains, as it is deduced from
Egs.(11) and (12)It should be noted that in E¢L1) of three-
dimensional growthn=3, the ratiou/Ry — oo, whereas in
Eq.(12)of one-dimensional growtin,= 1, the ratiaw/Ry — O.

-5.0 1

514

£ 5.2 1 This fact shows that in grained glass samples the kinetic ex-
g ponent decreases with the increasing grain radius, which is
T %% in agreement with the literatufé5s,34]
C
T 544

-5.5 1 5. Identification of the crystalline phases

'5'?675 1680 1685 1690 1695 1700 Taking into account the crystallization exothermal peaks

shown by the semiconducting &&Sky 23Se 64 alloy, it is
recommended to try to identify the possible phases that crys-

Fig. 5. Experimental plots of Inddt) vs. 1T and straight regression line of  tallize during the thermal treatment applied to the.samples
the G 135hy 235@ 64 alloy. by means of adequate XRD measurements. For this purpose

10T/ K"
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140 lization processes has been obtained. In the case of isother-
[counts] | mal crystallization, the above-mentioned expression has been
transformed in an equation, which can be taken as a specific

100 - case of the JMA transformation equation. The application

80 of this equation to non-isothermal transformations implies

60 restrictive conditions, as it is the case of a transformation
rate which depends only on the fraction transformed and
40 the temperature. Under this restriction the kinetic parame-
20 WWMM ters have been deduced both for the single-scan technique
and for the multiple-scan technique, which are applicable to
T

T T
0 20 40 60

0 constant scan rate DTA and DSC experiments on materials
A) 20/ which obey the JMA transformation rate equation.
The above-mentioned techniques have been applied
to the crystallization kinetics of the semiconducting
[couznﬁ] « Sb,Ses ’S" Ga)_13Sb)_23SQ):64a_”0y. The difference between the 0btair_1ed
200 4 & o = yalues for the kinetic parameters by means of both techm_qu_es
+ s £a is less than 2.5%. This good agreement shows the reliabil-
wd S g ity of the single-scan technique for the calculation of kinetic
g parameters, mainly in the interval (0.2—-0.5) of the volume
120 - v fraction crystallized, a fact in agreement with the literature.
80
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